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Abstract We tested a novel hypothesis, generated from representational accounts of medial
temporal lobe (MTL) function, that the major white matter tracts converging on perirhinal cortex
(PrC) and hippocampus (HC) would be differentially involved in face and scene perception,
respectively. Diffusion tensor imaging was applied in healthy participants alongside an odd-one-out
paradigm sensitive to PrC and HC lesions in animals and humans. Microstructure of inferior
longitudinal fasciculus (ILF, connecting occipital and ventro-anterior temporal lobe, including PrC)
and fornix (the main HC input/output pathway) correlated with accuracy on odd-one-out judgements
involving faces and scenes, respectively. Similarly, blood oxygen level-dependent (BOLD) response in
PrC and HC, elicited during oddity judgements, was correlated with face and scene oddity
performance, respectively. We also observed associations between ILF and fornix microstructure and
category-selective BOLD response in PrC and HC, respectively. These striking three-way associations
highlight functionally dissociable, structurally instantiated MTL neurocognitive networks for complex
face and scene perception.
DOI: 10.7554/eLife.07902.001
Introduction
Recent studies suggest that substructures in the medial temporal lobe (MTL) contribute to processes
beyond memory, with the hippocampus (HC) and perirhinal cortex (PrC) necessary for accurate
perceptual discrimination of conjunctive scene and face stimuli, respectively (Graham et al., 2010).
It has been shown, for example, that HC damage leads to impairments in perceiving, learning, and
remembering complex scenes, whereas broader MTL damage, affecting both the HC and PrC, results
in perceptual and mnemonic deficits for scene, but also face, stimuli (Barense et al., 2005; Lee et al.,
2005b; Mundy et al., 2013). Critically, however, these same patients are able to perform perceptual
discriminations on the basis of simple visual features (e.g., size and colour) and can learn to
discriminate between complex dot patterns (Mundy et al., 2013). These findings have been
complemented by functional MRI (fMRI) studies showing (a) differential recruitment of the HC and PrC
for scene and face discriminations, respectively, including on tasks analogous to those affected in
lesion patients (Barense et al., 2010), and (b) modulations of blood oxygen level-dependent (BOLD)
response by visual feature overlap in both MTL (high > low) and occipito-temporal (low > high)
regions (Mundy et al., 2012).
This body of work challenges the idea that the MTL is involved exclusively in mnemonic processes
(Squire et al., 2007) and highlights the need to understand how different types of representational
content may drive recruitment of the HC and PrC in perceptual, but also memory, tasks (Graham et al.,
2010). Emerging hierarchical, representational theories provide a framework for such investigations
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(Graham et al., 2010; Saksida and Bussey, 2010); they propose that perceptual difficulties in patients
with MTL involvement reflect damage to conjunctive scene and face/object representations stored
within the HC and PrC, respectively (Murray et al., 2007; Graham et al., 2010; Saksida and Bussey,
2010). Any task, whether perceptual or mnemonic, that places demand on these conjunctive
representations, such as discriminating between exemplars with many overlapping features (Saksida
and Bussey, 2010), is predicted to lead to impairment. By contrast, processing of visual exemplars with
minimal overlap can be supported by posterior visual cortical regions (Barense et al., 2010; Mundy
et al., 2012).
The strongest evidence for these accounts has come from studies using oddity judgement tasks in
which participants detect an ‘odd-one-out’ stimulus from an array of same-category items presented
from different viewpoints (Lee et al., 2005a, 2006). For example, macaque monkeys with lesions to
the PrC are impaired on oddity tasks when presented with face and object arrays (Buckley et al.,
2001); this pattern is also seen in amnesic patients when damage to the MTL includes PrC (Lee et al.,
2005a). Conversely, patients with selective damage to the HC perform as well as controls on face and
object oddity judgements, but show impairments for scene oddity decisions (Lee et al., 2005a).
While studying the functional dissociation between MTL regions has been revealing, a fundamental
question is how these distinct representations might emerge via wider, distributed, and interactive
brain networks (Mesulam, 1990, 1994). More specifically, it has been proposed that, ‘functional
specialization is not simply an intrinsic property of individual regions that compute specific
representations in isolation, but rather, is an emergent property of the interactions between a set
of spatially distributed nodes and their functional and structural connections’ (Behrmann and Plaut,
2013, p. 211).
The fornix—amajor input and output pathway of the HC—has long been considered to form part of an
extended hippocampal system, both in terms of its role in episodic memory (Aggleton and Brown, 1999;
eLife digest Perceiving an object or picture stimulates activity in the regions of the brain that
make up the visual system. Some of these regions respond differently depending on what is being
viewed: for example, some areas are more active when looking at faces, and others respond more
when viewing places. One theory is that, rather than working in a self-contained fashion, category-
sensitive brain regions are elements or ‘nodes’ within more complex brain networks that are
specialised for processing different types of visual stimuli.
The inside of the brain contains regions of dark and light tissue. The lighter regions are known as
‘white matter’ and contain fibres that allow information to travel between different parts of the brain.
These fibers may play an important role in how widely distributed brain regions communicate. To
investigate this, Hodgetts, Postans et al. used a technique called diffusion MRI to measure the
structure, or coherence, of white matter fibers in healthy volunteers. Brain activity was also measured
while volunteers completed a task in which they needed to spot the odd-one-out from images of
either faces or places.
Hodgetts, Postans et al. investigated the fine structure of a white matter fibre bundle known as
the inferior longitudinal fasciculus (ILF). This fibre links two parts of the brain involved in face
perception, called the occipital and anterior temporal lobes. Strikingly, ILF structure predicted both
face-related brain activity in these regions and how well an individual could discriminate between
faces, but not place stimuli.
By contrast, the ability of volunteers to tell apart different places (but not faces) was related to the
structure of the fornix. The fornix is a bundle of white matter fibres that carries information to and
from the hippocampus, a region that is important for finding one’s way around an environment and
remembering such journeys afterwards.
Hodgetts, Postans et al.’s findings suggest that the systems that process different visual
categories are best thought of as large-scale distributed networks rather than a set of individual,
specialised regions in the brain. In the future, research will be needed to further understand how
white matter contributes to the perception of different visual categories, and to investigate in finer
detail how visual experience influences the structure of white matter pathways.
DOI: 10.7554/eLife.07902.002
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Metzler-Baddeley et al., 2011), but also in spatial processing (Bird and Burgess, 2008). For example, the
impact of fornix transection in non-human primates suggests that exchange of information between HC
and diencephalic regions is necessary for learning both object-in-place associations and conjunctions of
spatial features (Gaffan, 1994; Buckley et al., 2004). Fornix damage in humans also impairs episodic
memory, as assessed by standardised neuropsychological tasks (Tsivilis et al., 2008), and fornix
microstructure has been shown to correlate with scene recollection (Rudebeck et al., 2009), suggesting
a potential convergence between findings in human and non-human primates.
While these studies support the notion that the HC-diencephalic connection established by the
fornix is important in memory, there is no evidence that inter-individual variability in this pathway in
humans is associated with spatial perception, specifically where tasks modified from the animal
literature are applied (Buckley et al., 2001), and where mnemonic demands are minimised through
use of concurrent stimulus presentation and trial-unique stimuli. If the HC contains conjunctive scene
representations that can sub-serve both scene memory and perception, as predicted by
representational accounts, then inter-individual variability in fornix tissue microstructure may partly
support interactions between the HC and its interlinked brain regions within the limbic system that, in
concert, underlie successful scene discrimination.
A second relevant white matter (WM) pathway is the inferior longitudinal fasciculus (ILF). This tract
serves as the primary input pathway to the antero-medial temporal lobe, including PrC (Catani et al.,
2003), and is comprised mainly of long association fibres connecting extrastriate visual areas with
regions in ventral anterior temporal (vATL) cortex (Latini, 2015). Representational accounts propose
that brain regions within the antero-medial temporal lobe are part of an extended representational
system in the visual ventral stream (Murray et al., 2007; Saksida and Bussey, 2010); in these
hierarchical views, object discriminations requiring complex and conjunctive visual representations are
supported by the PrC and those based on lower-level perceptual features are dependent on early visual
areas (Mundy et al., 2012, 2013). Given this, microstructural properties of the ILF—a major WM tract of
this extended visual stream (Mishkin et al., 1983; Yeterian and Pandya, 2010)—could influence
representations in PrC that are required to differentiate between complex object and/or face stimuli.
Indeed, there is evidence suggesting that ILF microstructure is related to performance in tasks involving
face stimuli; for example, individuals with congenital prosopagnosia (CP, a syndrome characterised by
impairments in identifying faces) have altered WM microstructure and macrostructure (i.e., volume)
relative to matched controls in ILF (Thomas et al., 2009; Gomez et al., 2015). These studies suggest
that the ILF may be a key tract in a network supporting the perceptual processing of face stimuli and
may, through its antero-medial temporal connections, mediate performance in conjunctive face
discriminations impacted directly by damage to vATL regions, such as PrC (Lee et al., 2005a, 2006).
These studies imply, therefore, that the ILF and fornix may underpin structurally distinct distributed
neural circuits that are specialised for information processing of different types of visual representations.
Unfortunately, however, such a conclusion is limited by two key weaknesses in the literature. First, there
has been no double dissociation of the functional contributions of the ILF and the fornix within the same
participants. Consequently, it is possible that any purported cognitive dissociations reflect the different
tasks and/or methodological approaches used to investigate the fornix/ILF independently. Second, no
study has yet manipulated representational content within the same experimental paradigm where
cognitive demand and difficulty were also matched, as well as ensuring provision of a stringent control
condition in which no statistical association is predicted with either WM tract.
Here, we addressed these issues by using diffusion tensor imaging (DTI) in healthy individuals to test
our primary hypothesis that the fornix and ILF are differentially associated with complex scene and face
perception, respectively. This prediction was based on the distinct structural connections these tracts
establish with the HC and vATL, and generated from published theoretical/computational accounts of
representational models (Cowell et al., 2010; Elfman et al., 2014). To draw correspondence with
lesion studies in animals and humans, and to provide the strongest test of representational accounts,
we used a modified odd-one-out task in which mnemonic demand was minimised (see ‘Materials and
methods’). By applying diffusion tractography methods, we extracted two microstructural measures:
mean diffusivity (MD) and fractional anisotropy (FA). MD (10−3 mm2 s−1) reflects a combined average of
axial diffusion (diffusion along the principal axis) and radial diffusion (diffusion along the orthogonal
direction), and FA reflects the extent to which diffusion within biological tissue is anisotropic, or
constrained along a single axis, and can range from 0 (fully isotropic) to 1 (fully anisotropic). Decreases
in MD (and also increases in FA) are associated, typically, with microstructural properties that are
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considered to support the efficient transfer of information along WM, such as increased myelination
and axon density (Beaulieu, 2002; but see; Jones et al., 2013). Based on this, we predicted that
individual success on scene oddity would correlate negatively with fornix MD and positively with fornix
FA. Conversely, we predicted that accuracy in the face oddity condition would correlate negatively with
ILF MD and positively with ILF FA. Furthermore, we hypothesised that measures obtained from these
pathways would not be associated with performance on an equally difficult size oddity control
condition, which is unaffected following damage to MTL (Buckley et al., 2001).
A second analysis investigated the relationship between HC and PrC BOLD response during oddity
judgement and task accuracy. Based on a potential representational hierarchy along the ventral visual
stream (Murray et al., 2007; Saksida and Bussey, 2010), we also studied the face-selective ventral
occipitotemporal fusiform cortex (fusiform face area, FFA). This region is known to receive ILF inputs
(Gschwind et al., 2012; Pyles et al., 2013), and in combination with the PrC, supports complex face
perception (O’Neil et al., 2012, 2014). In this analysis, we predicted that inter-individual variation in
BOLD response (in a category-specific manner, within the key regions-of-interest, ROIs) would be
associated with oddity performance.
Finally, we used a mediation analysis (Hayes, 2013) to examine the three-way relationship between
regional functional activity, WM microstructure, and oddity performance. If broader MTL neural circuits
support complex visual discrimination, then the relationship between regional activity in HC and PrC/FFA
and scene and face oddity accuracy, respectively, may be partially mediated by inter-individual variation
in fornix and ILF WM microstructure, respectively.
Results
Both diffusion-weighted and fMRI data were acquired in 30 healthy adult participants who completed
a perceptual oddity task for scenes and faces (and a size oddity control condition). To ensure that
mnemonic demand was minimised in the oddity task, stimuli were presented concurrently on each trial
and never repeated, once shown, in the task (Lee et al., 2005a). Performance in this paradigm was
defined as the proportion of trials for which participants selected the correct odd-one-out stimulus from
the array of three stimuli (see ‘Materials and methods’). Two of these stimuli were the same item from
different viewpoints, and the third stimulus was a different, but similar, item (Figure 1).
Behaviour
To ensure that behavioural performance (proportion correct) was matched across stimulus types, and
that no learning was shown across task runs, we conducted a 3 (task: scenes, faces, size) × 2 (run
number: run 1, run 2, run 3) analysis of variance (ANOVA). This analysis revealed no effect of task (F (2,
28) = 1.47, p = 0.24) or run number (F (2, 28) = 1.37, p = 0.26) on behavioural performance and no
significant interaction between these two factors (p = 0.27). These results indicate that performance
was matched across the three conditions and that there was no improvement in accuracy across task
runs (i.e., learning). Descriptive statistics for the behavioural task are shown in Table 1.
DTI and behaviour
Tractography
Based on the directional hypotheses outlined above, we conducted one-tailed correlations between
free water corrected MD and FA values of the ILF and fornix (obtained separately for each
participant) and individual accuracy on oddity judgements for faces, scenes, and size (see ‘Materials
and methods’ for further information). As one participant’s mean FA value for the fornix was lower
than three standard deviations below the group mean (SD < 0.25), they were removed in order to
reduce the effect of outliers on the subsequent correlational analyses. All analyses reported below,
therefore, are based on the remaining 29 participants. The mean and standard deviation for each
tract (ILF, fornix) and DTI metric (MD, FA) are shown in Table 2. Correlations were Bonferroni
corrected by dividing the 0.05 alpha level by the number of statistical comparisons for each individual
DTI measure (i.e., 0.05/3 = 0.017). The 95% confidence interval (CI) for each correlation was derived
using a bootstrapping procedure based on 1000 iterations. Individual FA and MD values for each
participant (and tract) are available in Table 2—source data 1. A summary table of the DTI-behaviour
correlations can be found in Table 3.
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Face oddity performance was, as predicted, negatively associated with ILF MD (Figure 1A). This
relationship was found to be significant at the experiment-wise significance level (r = −0.57, p = 0.00,
95% CI [−0.76, −0.36]). ILF MD did not correlate significantly with scene (r = 0.12, p = 0.27; Figure 1A)
or size oddity performance (r = −0.26, p = 0.09; Figure 1—figure supplement 1). While a positive
correlation was observed between ILF FA and face odd-one-out accuracy, this was not statistically
significant (r = 0.30, p = 0.06, 95% CI [0.62, −0.1]; Figure 1—figure supplement 1). ILF FA did
not correlate significantly with individual scores in either the scene (r = 0.04, p = 0.43) or size oddity
(r = 0.09, p = 0.32) conditions.
To determine whether the ILF correlations obtained for the face condition were significantly
greater than for the scene condition, these were compared using a directional Steiger Z-test for
dependent correlations (Lee and Preacher, 2010), which takes into account the within-subject
correlation between the compared task conditions (face vs scene oddity, r = 0.19). The difference
between the face-ILF MD and the scene-ILF MD correlations was found to be statistically significant
Figure 1. The relationship between tract MD and oddity performance (proportion correct). This is shown for (A) face and (B) scene oddity. The best fitting
linear regression line and 95% confidence interval (CI) are displayed on each scatter plot. Reconstructions of the fornix (blue) and inferior longitudinal
fasciculus (ILF) (red) are depicted on the sagittal midline slice of a participant’s T1-weighted brain image. Data obtained from the fornix and ILF are
indicated with blue and red data markers, respectively, with 29 data points appearing on all graphs. Scatter plots for both the fractional anisotropy (FA)
data and the size oddity condition are depicted in Figure 1—figure supplement 1.
DOI: 10.7554/eLife.07902.003
The following figure supplement is available for figure 1:
Figure supplement 1. Additional results for the diffusion tensor imaging (DTI)-behaviour correlational analyses.
DOI: 10.7554/eLife.07902.004
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 5 of 25
Research article Neuroscience
(z (26) = 2.07, p = 0.00). For ILF FA, there was no significant difference between the scene and face
oddity correlations (p = 0.14).
Based on previous studies that have observed a right hemispheric WM dominance in face
processing (Thomas et al., 2009; Gschwind et al., 2012; Scherf et al., 2014), we compared the
relationship between face oddity performance and microstructural variation in left and right ILF. While
a numerically stronger relationship was observed in the right ILF, there was a significant negative
relationship between ILF MD and face oddity performance in both the right (r = −0.61, p = 0.00, 95%
CI [−0.77, −0.38]) and left hemisphere (r = −0.43, p = 0.01, 95% CI [−0.74, −0.06]). Scene oddity
success did not correlate with either left (p = 0.20) or right (p = 0.42) ILF. Likewise, there were no
significant correlations between size oddity performance and ILF MD in either hemisphere (left ILF:
p = 0.17; right ILF: p = 0.06).
In contrast to the ILF MD data, there was a stronger trend between face oddity performance and FA
in the left ILF, though this did not reach statistical significance (r = 0.33, p = 0.04, 95% CI [0.63, −0.00]).
For right ILF FA, there was only a slight positive correlation with face oddity accuracy (r = 0.18, p = 0.18,
95% CI [0.48, −0.22]). There were no discernible associations between scene and size oddity and ILF FA
in either hemisphere (all ps > 0.25). A Steiger Z-test between left and right ILF revealed no significant
differences for MD (z (26) = 1.30, p = 0.1) or FA (z (26) = 0.76, p = 0.22). Overall, these hemispheric
comparisons confirmed significant correlations between left and right ILF MD and face oddity
performance, with a numerically stronger association in the right ILF, consistent with a relative right
hemisphere specialisation for face perception (Behrmann and Plaut, 2013).
Complementing the ILF data, a significant
negative correlation (Figure 1B) was observed
between fornix MD and scene oddity perfor-
mance (r = −0.46, p = 0.01, 95% CI [−0.69, −0.13];
Figure 1B). There was no significant correlation
between fornix MD and face oddity (r = −0.14,
p = 0.23). The correlation between fornix MD and
size oddity was likewise not significant (r = −0.29,
p = 0.06; Figure 1—figure supplement 1). The
comparison between scene oddity accuracy and
FA (r = 0.36, p = 0.03, 95% CI [0.67, −0.05]) did
not reach the required experiment-wise signifi-
cance level (Figure 1—figure supplement 1).
Fornix FA did not correlate with face (r = 0.15,
p = 0.22) or size (r = 0.18, p = 0.18) oddity
performance.
Using the directional Steiger Z-test, we found,
for fornix MD, that there was a marginally
Table 1. Descriptive statistics for the three
behavioural conditions
Accuracy RT
Mean SD Mean SD
Face 0.87 0.07 2932.40 479.68
Scene 0.85 0.06 3147.86 557.49
Size 0.84 0.12 2464.10 668.31
Mean and standard deviation (SD) are reported for both
accuracy (proportion correct) and reaction time (RT).
Raw behavioural data for the three oddity categories are
available in Table 1—source data 1.
DOI: 10.7554/eLife.07902.005
Source data 1. Raw behavioural data from the oddity task.
DOI: 10.7554/eLife.07902.006
Table 2. Descriptive statistics for the fornix (left)
and inferior longitudinal fasciculus (ILF, right)
Fornix ILF
Mean SD Mean SD
FA 0.373 0.031 0.429 0.023
MD 1.058 0.054 0.758 0.017
Mean and standard deviations are reported for frac-
tional anisotropy (FA) and mean diffusivity (MD × 10−3
mm2 s−1). Individual FA and MD values for each
participant (and tract) are available in
Table 2—source data 1.
DOI: 10.7554/eLife.07902.007
Source data 1. Raw values for the DTI metrics.
DOI: 10.7554/eLife.07902.008
Table 3. Summary table for the DTI-behaviour
correlations
Fornix ILF
MD FA MD FA
r p r p r p r p
Face −0.14 0.23 0.15 0.22 −0.57 0.00 0.30 0.06
Scene −0.46 0.01 0.36 0.03 0.12 0.27 0.04 0.43
Size −0.29 0.06 0.18 0.18 −0.26 0.09 0.09 0.32
Correlation coefficients (and one-tailed p values) are
reported for each metric (fractional anisotropy [FA],
mean diffusivity [MD]) of fornix and inferior longitudinal
fasciculus (ILF) microstructure and each task condition
(face, scene, size).
DTI, diffusion tensor imaging.
DOI: 10.7554/eLife.07902.009
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 6 of 25
Research article Neuroscience
significant difference between the two correlations obtained for scenes and faces (z (26) = 1.39, p = 0.08).
There was no significant difference between the scene and face correlations for fornix FA (p = 0.18).
Comparisons with size oddity
While none of the microstructural measures obtained, in either pathway, were significantly associated
with performance in the difficulty-matched size oddity condition, there were, as reported above, small-
to-moderate one-tailed trends between fornix/ILF MD and size oddity (Figure 1—figure supplement 1).
A Steiger Z-test comparing these coefficients revealed a significant difference between the face and size
oddity correlation for ILF MD (z (26) = 2.05, p = 0.02). The difference between the size and scene oddity
correlations for fornix MD did not differ significantly (z (26) = 0.94, p = 0.17).
We also conducted partial correlations to see whether the significant relationship between
face/scene oddity and ILF/fornix MD remains when size oddity is controlled for, that is, to show that
WM microstructure is predictive of face/scene oddity over and above its contribution to lower-level
visual discriminations. When size oddity was controlled for, we still observed significant associations
(one-tailed) between scene oddity and fornix MD (r = −0.38, p = 0.02, 95% CI [−0.61, −0.08]) and face
oddity and ILF MD (r = −0.53, p = 0.00, 95% CI [−0.61, −0.08]).
Tract-based spatial statistics (TBSS)
To complement the tractography analysis, we also conducted a whole-brain TBSS analysis to investigate
any potential voxel-wise correlations outside our main ROIs for scene vs face oddity (S > F) and vice
versa (F > S; see ‘Materials and methods’ for further details). While there were no whole-brain WM
voxels showing a significantly greater association with S > F (for either MD or FA), the F > S contrast
revealed 23 whole-brain clusters for MD, which were predominantly located in the right hemisphere
(see Supplementary file 1). The peak of the largest cluster was located in right superior longitudinal
fasciculus (SLF; 31, −33, 37; p = 0.02) and incorporated right anterior ILF and the right inferior fronto-
occipital fasciculus (IFOF; Figure 2). Sub-peak clusters were found in left corpus callosum, right middle
ILF, and the left middle portion of the cingulum bundle. There were 53 significant voxels located in the
ILF bilaterally with the peak located in the right hemisphere (44, −8, −18; p = 0.03).
For FA, nine clusters were identified that were more strongly correlated with faces than scenes. The
peak for the largest cluster was located in the right callosal body (16, 12, 29; p = 0.00) and
incorporated several prominent WM structures bilaterally, including ILF, SLF, and forceps major (see
Supplementary file 1). A second cluster of 118 voxels was identified with a peak in the right anterior
ILF (40, −33, −15; p = 0.05). There were 250 significant voxels in ILF with the peak located in the left
ILF. A figure displaying the TBSS clusters can be found in Figure 2.
Figure 2. Results of the whole-brain tract-based spatial statistics (TBSS) analysis. White matter (WM) voxels
identified by TBSS that show a stronger relationship for F > S and (A) mean diffusivity (MD) (negative correlation, red
clusters), and (B) FA (positive correlation, blue clusters). Abbreviated WM structures include SLF (superior
longitudinal fasciculus), IFOF (inferior fronto-occipital fasciculus), and ILF (inferior longitudinal fasciculus). There were
no whole-brain WM voxels showing a significantly greater association with S > F (for both MD and FA). A table of
peak coordinates for the TBSS analysis can be found in Supplementary file 1.
DOI: 10.7554/eLife.07902.010
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BOLD and DTI
As MD and FA are associated with properties that affect the efficiency of information transfer along
axons (Beaulieu, 2002), it is highly likely that inter-individual variation in these measures will impact
on, and constrain, BOLD activity in specific ROIs (Behrens and Johansen-Berg, 2005). Here, we
used probabilistic atlases to define bilateral ROIs of PrC, FFA, and HC and employed a general linear
model (GLM) to test for voxel-wise linear associations between WM microstructure and category-
selective BOLD (see ‘Materials and methods’). Given that increased MD reflects greater diffusion
along both the axial and radial diffusion directions, we predicted a negative association with BOLD
activity. For FA, we predicted a positive association with BOLD, as this metric reflects the extent to
which diffusion within biological tissue is highly directional, or constrained along a single axis. The
data from four participants were excluded from the analysis due to excessive movement during the
functional run (>3 mm), and a further participant removed due to scanner error, resulting in a sample
of n = 24 for all subsequent analyses.
As shown in Figure 3A, the statistical map reflecting a negative association between inter-
subject BOLD for F > S and ILF MD revealed significant bilateral clusters in FFA (left: −28, −52,
−18, Z = 2.99, 25 voxels; right: 44, −52, −18, Z = 3.07, 41 voxels). There was also a cluster of 11
voxels in left PrC (−32, −12, −34, Z = 2.81), which did not quite reach our PrC cluster extent
threshold (cluster >17 voxels, p = 0.05; Figure 3B). No clusters were found for F > S and ILF FA.
As these functional associations with MD could arise from between-subject variability in the scene
oddity baseline, we also conducted this analysis for F > rest; as above, we identified significant
bilateral clusters in FFA associated with ILF MD, with the larger, stronger, cluster located in right
hemisphere (left: −28, −52, −18, Z = 2.98, 19 voxels; right: 42, −54, −18, Z = 4.21, 210 voxels;
Figure 3A). We also identified bilateral face-sensitive clusters in the PrC associated with ILF MD
(left: −32, −14, −34, Z = 3.52, 19 voxels; right: 28, −16, −32, Z = 3.52, 27 voxels; Figure 3B). There
were no supra-threshold clusters in FFA or PrC for ILF FA. Across two BOLD contrasts (F > S and
F > rest), therefore, inter-individual differences in ILF microstructure (MD) were correlated with
BOLD response to faces in FFA and PrC (Pyles et al., 2013).
In the HC, there were no significant clusters for our two scene contrasts (S > F or S > rest) and either
measure of fornix microstructure. Given evidence for a decoupling between HC BOLD and underlying
neuronal activity (Ekstrom, 2010), in particular that negative BOLD changes in the HC are often
accompanied by increased spike rate or synaptic input (see ‘Discussion’ for further details), we also
investigated whether fornix MD or FA might be associated with inter-individual differences in scenes
compared to rest (S < rest, i.e., task-induced hippocampal deactivations). This analysis revealed
a significant cluster in left intermediate HC (−26, −24, −16, Z = 3.1, 32 voxels; Figure 3C) that was
strongly associated with fornix FA. The fornix MD analysis revealed a cluster in right anterior HC (20, −16,
−16, Z = 2.24) albeit at a lower voxel-wise threshold (p = 0.05). To test whether this deactivation effect
was specific to scene oddity, we conducted the same analysis for face deactivations against rest baseline
(F < rest); this revealed no voxels in HC associated with either fornix MD or FA.
To test whether fornix microstructure is associated with scene-selective BOLD in other scene-selective
cortical regions (Epstein, 2014), we conducted an additional voxel-wise analysis within anatomically
defined, independent ROIs sampling the posterior parahippocampal gyrus (PHG), retrosplenial cortex
(RSC), and transverse occipital sulcus (TOS; see ‘Materials and methods’). No significant clusters were
found that showed a significant positive or negative association between scene-selective BOLD (S > F, S >
rest) and fornix microstructure (MD or FA) in any of the additional scene-selective ROIs.
BOLD and behaviour
We next correlated mean individual percentage BOLD signal change values from each probabilistic
anatomical ROI with face and scene oddity performance (one-tailed, Figure 4). A significant positive
relationship was found between face-sensitive BOLD (F > rest) in FFA and face oddity accuracy (r = 0.36,
p = 0.04, 95% CI [0.05, 0.65]; Figure 4A). A significant positive correlation was also observed between
BOLD for faces (F > rest) in PrC and face oddity performance (r = 0.42, p = 0.02, 95% CI [0.06, 0.69];
Figure 4B). Neither ROI was correlated with scene oddity performance (all ps > 0.2).
There was also a strong trend evident between scene-related deactivations (S < rest) and scene
oddity accuracy in the HC ROI (r = 0.30, p = 0.08, 95% CI [−0.039, 0.606]; Figure 4C); an association
that was not evident for the face oddity condition (p = 0.20).
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Figure 3. Voxel-wise linear associations between WM microstructure and category-sensitive blood oxygen level-
dependent (BOLD) response. A group-level region-of-interest (ROI) analysis of the fMRI data was conducted to
identify clusters reflecting a significant relationship between BOLD response for faces and scenes and tissue
microstructure of the ILF and fornix, respectively. (A) Fusiform face area (FFA): significant bilateral clusters reflecting
a negative association between BOLD response during face oddity judgements (F > S, left; F > rest, right) and ILF
MD. (B) Perirhinal cortex (PrC): bilateral clusters reflecting a significant negative association between face-sensitive
BOLD (F > rest) and ILF MD (right). A sub-threshold cluster for F > S is shown on the left. (C) Hippocampus (HC):
a significant cluster was identified in the intermediate HC that corresponds to a positive association between
task-induced scene deactivations (against rest) and fornix FA.
DOI: 10.7554/eLife.07902.011
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Mediation analysis: BOLD, DTI, and behaviour
From a mediation analysis conducted using ordinary least squares path analysis (Preacher and Hayes,
2008), FFA BOLD activity indirectly influenced face oddity performance through its relationship with
ILF MD. As seen in Figure 5A, individuals with a higher FFA BOLD response for F > rest had
significantly lower ILF MD values, and participants with lower ILF MD values showed significantly
better face discrimination ability. A bootstrap 95% CI (based on 1000 bootstrapped samples) for
the indirect effect was entirely above zero (see Figure 5A). Thus, there was no evidence that FFA
BOLD activity influenced face oddity performance independent of its relationship with ILF MD.
Further analyses revealed that this effect was predominantly evident in the right hemisphere (see
Supplementary file 2). An alternative model in which FFA activity mediated the influence of ILF MD
on face oddity performance revealed no evidence for an indirect effect of ILF MD on face
discrimination accuracy through its effect on FFA BOLD activity (95% CI [−1017.19, 1361.64];
Supplementary file 2).
A comparable analysis for PrC revealed a significant direct effect of BOLD response for faces
(F > rest) on face oddity success (Figure 5B). A bootstrap 95% CI for the indirect effect was found
to cross zero and was thus non-significant (95% CI [−0.01, 0.1]). This finding indicates that PrC
BOLD and ILF MD are independent predictors of face oddity performance. As with FFA, this effect
was predominantly evident in the right hemisphere (see Supplementary file 2). The alternative
mediation model in which PrC BOLD activity mediated the influence of ILF MD on face oddity (see
Supplementary file 2) revealed no evidence for an indirect effect of ILF MD on face discrimination
via its effect on PrC activity.
Figure 4. Correlations between mean percentage BOLD signal change from each probabilistic anatomical
ROI (shown above each graph) and oddity performance. (A) Scatter plot displaying the relationship between
inter-individual variation in percentage signal change for faces (relative to rest) and face oddity performance
(proportion correct) in the pre-defined FFA ROI. (B) The relationship between inter-individual variation in
face-related activations (against rest) and face oddity performance in the PrC ROI. (C) The relationship between
task-induced scene deactivations (relative to rest) and scene oddity performance in the pre-defined HC ROI.
A total of 24 data points are shown on each graph. Individual percentage signal change values for each ROI
are contained in Figure 4—source data 1.
DOI: 10.7554/eLife.07902.012
The following source data is available for figure 4:
Source data 1. Individual percentage BOLD signal change values for the fMRI contrasts.
DOI: 10.7554/eLife.07902.013
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Figure 5. Statistical mediation (path) analysis examining the three-way relationship between regional functional
BOLD activity, WM microstructure, and oddity performance. Mediation models are presented for (A) FFA, (B) PrC,
and (C) HC. These models test the extent to which the relationship between BOLD response (in the a priori FFA, PrC,
and HC ROIs) and odd-one-out accuracy is mediated by WM microstructure. The left, middle, and right boxes in
each model represent the independent variable (IV), mediator (M), and dependent variable (DV), respectively.
Unstandardised coefficients and their corresponding one-tailed p values are depicted for each path of interest (a, b,
a*b, c′, and c). In a simple mediation model, these paths reflect the following: path c represents the total effect of
the IV on the DV; path a quantifies the effect of the IV on the M; path b reflects the causal effect of the M on the DV;
and path c′ is the direct effect of the IV on the DV that also partials out the effect of the M. Significant paths are
indicated by dashed lines and significant terms are indicated by bold font. The bootstrap 95% CI is displayed for the
indirect effects (a*b). See Supplementary file 2 for further details.
DOI: 10.7554/eLife.07902.014
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Analysis of the HC ROI revealed a significant direct effect of BOLD deactivation for S < rest on scene
oddity (Figure 5C). As the indirect effect of HC BOLD, via fornix MD, crossed zero (−0.19, −0.01), these
measures independently predicted inter-individual variations in scene oddity accuracy. The alternative
model in which HC scene deactivations mediated the influence of fornix MD on scene discrimination
performance (see Supplementary file 2) revealed no evidence for an indirect effect of fornix MD on
scene oddity via its effect on HC BOLD.
Discussion
Understanding network-level contributions to cognition is fundamental for modelling the relationship
between brain structure and function and in elucidating the mechanisms underpinning inter-individual
differences in behaviour. Here, we contribute new knowledge relevant to this goal by testing whether
the distinct WM pathways converging on the PrC and HC, as measured by assessment of tissue
microstructure in the ILF and the fornix, respectively, would be correlated with performance on face
and scene odd-one-out discriminations that are differentially sensitive to PrC and HC damage in
humans (Lee et al., 2005a) and monkeys/rats (Buckley et al., 2001; Bartko et al., 2007). We found
that MD of the fornix, a principal tract linking the HC with surrounding cortical and subcortical areas
(Saunders and Aggleton, 2007; Aggleton et al., 2015), was strongly (negatively) associated with
perceptual performance on scene, but not face, oddity judgements (Figure 1). Conversely, MD for the
ILF, the main ventral visual input pathway to antero-medial temporal cortex (Catani et al., 2003;
Latini, 2015), correlated with face, but not scene, oddity performance. None of the microstructural
measures obtained, in either pathway, were significantly associated with accuracy on a difficulty-
matched size oddity condition, consistent with the preservation of size oddity after MTL lesions
(Buckley et al., 2001).
Going beyond this striking double dissociation, we also demonstrated selective relationships
between WM microstructure and the magnitude of BOLD response in key, category-selective, ROIs
situated along these tracts (Figure 3). Specifically, ILF MD was strongly associated with BOLD
response for faces in both PrC and FFA—two regions linked anatomically by the ILF (Pyles et al.,
2013). In turn, average percentage signal change from our predefined FFA and PrC ROIs was related
to face discrimination success. Notably, WM microstructure (MD) of the ILF mediated the relationship
between BOLD activity in FFA and oddity performance for faces; this was not evident for PrC.
By contrast, fornix FA was positively associated with HC scene deactivations. Furthermore, inter-
individual differences in HC BOLD percentage signal reduction, within our independently defined HC
ROI, were related to performance in the scene oddity task. A mediation analysis revealed that fornix WM
and HC BOLD deactivations made independent contributions to scene discrimination performance.
Our data, therefore, make a novel and important contribution to the literature by demonstrating
that inter-individual differences in fornix and ILF microstructure may play an integral role in determining
performance on complex visual discriminations for different visual categories. Further, while previous
studies in both animals and humans have linked fornix connectivity with both spatial learning (O’Keefe
et al., 1975; Buckley et al., 2001; Hofstetter et al., 2013; Dumont et al., 2015) and memory (Gaffan,
1994; Rudebeck et al., 2009; Vann et al., 2009; Bennett et al., 2014), this is the first demonstration
that inter-individual variability in this pathway in humans is associated with spatial scene perception.
The striking convergence between the findings from our DTI analyses, and similar functional divisions
evident in complementary fMRI and animal/human MTL lesion studies (e.g., Buckley et al., 2001; Lee,
Bussey, et al., 2005), provides strong evidence for HC and PrC contributions to perceptual
discriminations involving complex visual stimuli, via their role as key nodes within distinct, distributed,
functionally specialised neural networks.
According to hierarchical representational accounts, PrC is best understood as the apex of the visual
ventral processing stream (Murray et al., 2007). Several regions along this stream have been identified
as important for face processing (Tsao et al., 2008), including FFA (Kanwisher et al., 1997), but also
more recently PrC, which seems to play a critical role in face perception via its contribution to processing
of complex feature conjunctions (Barense et al., 2005, 2007). For example, monkeys with PrC lesions
are impaired on oddity tasks when presented with face and object arrays (Buckley et al., 2001); this
profile is also seen in patients when damage to the MTL includes PrC (Lee et al., 2005a). By using
a similar oddity task here (Barense et al., 2005; Lee et al., 2005a), our results indicate that the ILF,
through its interactions with more posterior face processing regions (e.g., FFA), may be important in
facilitating the formation of complex representations ‘downstream’ in the MTL. This extends previous
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findings that highlight a functional coupling between anterior temporal lobe regions, such as PrC, and
face processing regions of fusiform cortex (Moeller et al., 2008; O’Neil et al., 2012, 2013, 2014;
Anzellotti et al., 2014). The results presented here also go beyond such findings by presenting
a ‘structural realisation’ of this functional connectivity (Kosslyn and Van Kleeck, 1990; Behrmann and
Plaut, 2013), that is, a direct relationship between the WM bundle connecting these distributed regions
and complex face discrimination. Moreover, we demonstrate that ILF tissue microstructure is associated
with face-related BOLD activity in both PrC and FFA. Together, these analyses provide clear links
between structure, function, and behaviour, and support the idea that the anatomical connection linking
antero-medial temporal cortex (including PrC) and FFA is a critical structure in complex face perception,
as suggested by neuropsychological studies (Thomas et al., 2009; Grossi et al., 2014).
An important question that emerges from these results is how inter-individual variation in behaviour
emerges from the interplay between ILF microstructure and functional activity in the face-processing
network. Studies exploring the role of functional nodes in antero-medial temporal and occipital
temporal cortex suggest a number of possible mechanisms for how these regions might together
support face processing. For instance, both antero-medial temporal cortex (Barense et al., 2010;
Freiwald and Tsao, 2010; Collins and Olson, 2014; Yang et al., 2014; Anzellotti and Caramazza,
2015) and ventral occipital temporal cortex (Winston et al., 2004; Nestor et al., 2011; Anzellotti
et al., 2014) have been shown to contain representations that are invariant to facial transformations
(e.g., viewpoint or emotional expression), indicating that these discrete regions may be involved jointly
in the online maintenance of viewpoint-invariant face representations (Freiwald and Tsao, 2010;
Nestor et al., 2011; Collins and Olson, 2014). Another study that manipulated the visual similarity
between face stimuli found that PrC exhibits a greater response to highly overlapping faces, whereas
FFA shows the opposite pattern (Mundy et al., 2012), a finding consistent with a posterior-to-anterior
hierarchy in which face representations become increasingly complex (Saksida and Bussey, 2010).
Furthermore, a recent study reported response suppression for different images of matching identities
in antero-medial temporal cortex but not more posterior face-processing regions (Yang et al., 2014).
Strikingly, this adaptation effect in anterior temporal lobe was preserved in a prosopagnosic patient
with ipsilateral lesions of FFA and ‘occipital face area’, indicating a potential top–down role of this
region in processing face identity. By observing a specific relationship between the ILF and
performance on our oddity task in which highly overlapping faces must be discriminated across
multiple viewpoints, our results suggest that the connection established by the ILF may be integral for
both (a) an effective iterative feedback mechanism between PrC and ventral occipital temporal cortex
that allows for online maintenance of identity across visual transformations (Fox et al., 2008; Freiwald
and Tsao, 2010; Nestor et al., 2011; O’Neil et al., 2013; Yang et al., 2014) and (b) the efficient feed
forward of stimulus information from fusiform gyrus and extrastriate cortex to antero-medial temporal
cortex, which permits fine-grained discrimination across multiple viewpoints (Graham et al., 2010;
Saksida and Bussey, 2010; Fox et al., 2013). This proposed relationship is confirmed by evidence of
a strong coupling between ILF MD and face-sensitivity in both FFA and PrC, as well as recent evidence
suggesting that patterns of WM connectivity are better predictors of an individual’s FFA location than
group-derived functional ROIs (Saygin et al., 2012;Osher et al., 2015). These results may also address
some inconsistencies in the literature, where associations have been found between face recognition
and locally defined ventral temporal pathways but not with long-range ILF (Tavor et al., 2014; Gomez
et al., 2015). As indicated above, it may be the case that tasks probing complex antero-medial
temporal representations (e.g., perceptual identity) will reveal stronger associations with long-range
ILF connectivity (see also Postans et al., 2014).
The importance of WM in driving cognitive performance was made explicit by the finding that ILF
microstructure mediated the relationship between BOLD activity in FFA and accuracy on face
discrimination. This result converges with data from individuals with CP, in whom the FFA functions
normally, but who show disrupted ILF microstructure and macrostructure and a reduction in
posterior–anterior temporal lobe connectivity under both task-related and resting conditions (Thomas
et al., 2009; Avidan et al., 2014). Notably, ILF undergoes protracted development well into
adulthood, and these developmental changes in ILF MD are tightly and specifically linked with an
age-related increase in the size of the FFA (Scherf et al., 2014). Our findings, together with the
refinement of the ILF over an extended developmental period, and its compromise in CP, all point to
a potential mechanism in which an extended face network, over the course of experience and maturation,
becomes progressively organised and optimised. This may occur via neural activity-dependent
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mechanisms that can stimulate myelination or myelin remodelling, thereby leading to increased network
specialisation (Scherf et al., 2014; McKenzie et al., 2014).
Involvement of the ILF in face perception was further confirmed by a complementary whole-brain
TBSS analysis. This augmented our deterministic approach by highlighting additional associations
between face oddity performance and microstructural variation in the WM tracts linking occipital and
temporal lobe structures (including PrC) with the frontal lobes (e.g., IFOF, SLF, and the cingulum
bundle [Yeterian and Pandya, 2010]). These WM pathways may be necessary for linking perceptual
processing of faces in occipital cortex and vATL with prefrontal cortex face representations (Moeller
et al., 2008; Tsao et al., 2008), again highlighting the critical nature of broadly distributed circuits in
face perception.
By contrast, inter-individual differences in fornix microstructure were associated with performance
on a complex scene discrimination task and scene-related BOLD deactivations in HC; these findings
support the notion that the HC—as part of a broader anatomical network of which the fornix is a key
component—is involved in spatial processing (Aggleton et al., 2015). While the importance of the HC
in spatial navigation has long been established at the neurophysiological level (Ono et al., 1991;
O’Keefe et al., 1998; Rolls, 1999), recent studies have since indicated that the HC is behaviourally
important when tasks place a demand on complex spatial representations (Bird and Burgess, 2008;
Graham et al., 2010;Mundy et al., 2012). With this in hand, therefore, it is worth considering exactly
how the fornix, as a pathway between distributed regions, contributes to spatial scene perception and
the complex spatial representations contained in HC.
In particular, the reciprocal interplay between HC and surrounding neocortical and subcortical
regions (Saunders and Aggleton, 2007; Aggleton et al., 2015)—that is afforded partly by fornical
connections—appears critical for the formation of flexible spatial representations in the HC (i.e., those
that maintain the coherent layout of a spatial environment across multiple viewpoints). For example,
efferent connections from the HC to both the mammillary bodies and the anterior thalamus, via the
fornix, have been shown to play a role in scene processing (Gaffan et al., 2001) and object-in-place
learning (Gaffan, 1994; Parker and Gaffan, 1997; Buckley et al., 2004). Fornix lesions also cause
object-in-place learning impairments above and beyond combined lesions to frontal and inferior
temporal (i.e., ventral stream) regions (Wilson et al., 2008). This suggests that visual-spatial inputs
from dorsal visual areas (e.g., parahippocampal and posterior cingulate cortices), via the subiculum of
the HC, may underpin aspects of scene processing that are independent of interactions between
inferotemporal and frontal cortices. These dorsally mediated inputs may, for example, convey spatial,
rather than object, feature information, such as orientation, position, and size (Buckley et al., 2004;
Wilson et al., 2008; Nasr et al., 2014). Interestingly, this may also account for the moderate, though
non-significant, association between size oddity and fornix microstructure (see ‘Results’).
Given the effect of fornix lesions on these various forms of spatial processing, it is plausible that
tasks that tap these emergent flexible scene representations, either by the use of different viewpoints
(as in oddity tasks) or where there is a need to discriminate between scenes or objects with unique
conjunctions of spatial features (Buckley et al., 2004), may be particularly sensitive to the HC and the
functional network it forms via the fornix. Consistent with this, patients with HC damage only show
scene oddity impairments when items are presented from different viewpoints (Lee et al., 2005b),
and individuals with Alzheimer’s disease exhibit greater deficits on scene odd-one-out tasks when
different, rather than same, viewpoint scenes are presented (Lee et al., 2006). Likewise, HC damage
leads to short-term memory deficits in matching rotated scenes based on topographical information
(Bird and Burgess, 2008). As representational accounts also propose that episodic retrieval is
predominantly driven by reimagining the rich spatial context in which a particular memory event
occurred (Gaffan, 1994; Hassabis and Maguire, 2007; Graham et al., 2010), this may explain why
individual differences in fornix microstructure have also been associated with non-spatial, episodic
memory tasks (Metzler-Baddeley et al., 2011).
Interestingly, the reported association between fornix microstructure (FA, and to a lesser extent
MD) and scene-related BOLD activity in HC was in the opposite direction to that observed between
ILF microstructure and face selectivity in PrC/FFA, with fornix FA positively correlating with HC scene
deactivations. Further, this surprising association was localised in more anterior/intermediate HC
(Figure 3C). In contrast, posterior HC is more often recruited during visual perception (i.e., oddity;
Lee et al., 2005a; Mundy et al., 2013; Zeidman et al., 2014). Given differences in subfield
organisation (Duvernoy, 1988; Poppenk et al., 2013) and fornical axon fibre contributions
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(Saunders and Aggleton, 2007; Aggleton, 2012) along the long axis, it is likely that the more
anterior HC plays a different functional role compared to posterior HC (Nadel et al., 2013; Poppenk
et al., 2013; Duarte et al., 2014; Zeidman et al., 2014). Notably, using a similar scene oddity
paradigm, Lee et al. (2008) reported significant scene activations in posterior HC but scene
deactivations (relative to baseline) in anterior HC. Negative HC BOLD response has also been
localised to anterior rather than posterior HC during spatial encoding and retrieval, consistent with
the results reported here (Figure 3C; Duarte et al., 2014).
This interpretation of scene deactivations (relative to baseline) should be treated with caution given
that baselines are difficult to define in functional neuroimaging studies (Gusnard and Raichle, 2001),
particularly in MTL regions such as the HC (Stark and Squire, 2001). For instance, it is possible that
the reported association emerges from variability in anterior HC activity during rest, rather than during
scene oddity judgements. Further, not only is it difficult to define a baseline in HC, but there is also
a particularly complex relationship between HC neural activity and the BOLD response (Ekstrom,
2010). Studies in both rats (Schridde et al., 2008; Angenstein et al., 2009) and humans (Ekstrom
et al., 2009) have reported increases in neural activity that are associated with negative changes in the
HC BOLD signal. The BOLD signal itself is dependent on the relationship between cerebral blood flow
and oxygen metabolism (Fox and Raichle, 1986), and the assumption that, during neural activity,
blood flow outmatches metabolic demands (leading to a relative increase in oxygenated haemoglobin).
One possibility, therefore, is that sparser blood supply in the HC (e.g., lower capillary density; Borowsky
and Collins, 1989) leads to a decoupling between neuronal activity and BOLD, that is, where oxygen
metabolism exceeds local blood flow.
Whilst HC BOLD deactivations were related to both fornix microstructure and scene discrimination
accuracy, fornix microstructure did not mediate the relationship between HC BOLD and behavioural
performance (and vice versa). More specifically, HC activity and fornix microstructure independently
contribute to individual variability in scene discrimination performance. Further, in the BOLD-DTI
analyses, fornix microstructure was only found to correlate with HC BOLD (Figure 3C) when the
contrast was between scenes and rest, not scene and faces. The distinct contributions of HC neuronal
activity and fornix microstructure are consistent with several lines of evidence from lesion work in rats.
First, that non-fornical HC pathways are also critical for spatial processing (Dumont et al., 2015).
Second, that fornix lesions, which impair HC-dependent spatial memory, do not necessarily suppress
HC neuronal activity but rather disrupt longer term HC cellular plasticity mechanisms (Fletcher et al.,
2006). Third, that fornical fibres may mediate some spatial functions not attributable to the HC
(Whishaw and Jarrard, 1995). In summary, our findings confirm that scene processing (and by
extension episodic memory) is an emergent property of the functional and structural connectivity
between the HC and key cortical and subcortical regions (Graham et al., 2010), mediated in part, but
not exclusively, by the fornix.
It is notable that, overall, we observed stronger statistical effects with MD compared to FA,
although FA did show a similar profile to that seen in MD (e.g., for fornix FA and scene oddity), and
was associated with a cluster in ILF for face oddity in our whole brain TBSS analysis. As different
attributes of WM (e.g., axon density, axon diameter, myelin [Beaulieu, 2002], and the manner in which
axons are laid out within a given voxel [Jones et al., 2013]) can influence the hindrance and restriction
of water, as has been described elsewhere (Jones et al., 2013), the interpretation of DTI and its
specific metrics (including MD and FA) is not straightforward. Thus, while we found stronger
associations with MD than with FA, we are not yet able to say whether a particular aspect of WM
microstructure (e.g., myelin) underpins these differences. Consistent with this, MD and FA are often
reported jointly in the literature (Metzler-Baddeley et al., 2011; Gschwind et al., 2012; Scherf et al.,
2014), and like our reported findings, sometimes MD has been shown to have stronger effects than
FA. For example, MD can decrease following spatial learning (Sagi et al., 2012) and appears to be
more sensitive than FA to age-related changes in ILF and fornix WM (Scherf et al., 2014;Wendelken
et al., 2014). Further, MD and FA metrics are not orthogonal, meaning that changes in one of these
measures will be potentially reflected in the other (O’Donnell and Pasternak, 2015).
Based on representational accounts of MTL function that assume dissociable roles for the HC and
PrC in scene and face processing, respectively (Graham et al., 2010; Saksida and Bussey, 2010), we
provide a compelling demonstration that WM tracts connecting to the HC and PRC may be critical
pathways in networks that support the successful discrimination of complex places and faces,
respectively. More specifically, complex face perception is not just a property of the FFA or PrC but
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emerges from interactions within large-scale integrated neurocognitive networks (Mesulam, 1990,
1994; Behrmann and Plaut, 2013). Likewise, spatial impairments in amnesic individuals may not
simply disrupt local HC processing per se, but rather the extent to which communication in the
broader, functional networks supporting formation of flexible spatial representations is interrupted
(Graham et al., 2010; Murray and Wise, 2010; Baxter, 2012). By providing a structural framework
that may underpin how category-selective perception emerges in the MTL, these findings add to an
emerging literature that challenges the long-held view that the MTL is an exclusive unitary memory
system. Rather, our results indicate that these MTL substructures, through their distinct anatomical
connections (including fornix and ILF), comprise broader neurocognitive networks that are dissociable
in the types of stimulus representations they support. In this context, higher level perception, rather
than depending on the isolable properties of individual MTL regions, arises from the dynamic interplay
within integrated and specialised neurocognitive circuits (Gaffan, 2002; Graham et al., 2010; Saksida
and Bussey, 2010).
Materials and methods
Participants
30 undergraduates from Cardiff University participated in this study (2 male; aged 18–22 years; mean
= 19; SD = 0.96) and were paid for taking part. The experiment was undertaken with the
understanding and written consent of each subject. Cardiff University School of Psychology Research
Ethics Committee approved the research project.
Oddity task and procedure
In the oddity task, participants were presented with three stimuli on each trial (top centre; bottom left;
bottom right) and instructed to select the odd-one-out as quickly and as accurately as possible. Two of
these stimuli were the same item from different viewpoints, and the third stimulus was a different
item. In this article, we analysed the behavioural performance on scene and face oddity with a size
oddity condition acting as a single feature baseline. Example trials for the scene and face oddity
conditions are shown in Figure 1.
The scene stimuli were real-world photographs of outdoor environments. On each trial,
participants viewed two images of a single locale from different viewpoints and one different locale.
Face stimuli were greyscale photographs of human faces, half of which were male. Individual faces
were overlaid on a black background (170 × 216 pixels). Two faces were the same individual
presented from different viewpoints, and the target was a different face presented from a different
viewpoint. For the size task, three black squares were presented. The position of the squares on the
screen was jittered so that none of the edges lined up along vertical or horizontal axes. On each trial,
two of the squares were identical in size and a third square was either slightly larger or smaller. The
difference in length between target and non-targets could vary between 9 and 15 pixels. All stimuli
were trial-unique (i.e., never repeated once shown in the task).
Each trial was presented for 6 s with a jittered inter-trial interval of 500–4000 ms. The task was
administered in the scanner over three functional imaging runs. Within each run, trials for a given
category (scene, face, size) were presented in mini-blocks of three successive trials. The order in which
category ‘triplets’ were presented was counterbalanced across participants. Overall, 18 trials were
presented per category per run resulting in 54 trials per condition overall. An equal number of targets
appeared at each screen position (i.e., top centre; bottom left; bottom right) within each stimulus
condition. Stimuli were presented in the scanner using ePrime (Psychology Software Tools, Inc.,
Sharpsburg, PA) and projected onto the screen behind the participant using a Canon SX60 LCOS
projector system combined with the Navitar SST300 zoom converter lens. Button responses in the
scanner were acquired using a right-hand MR compatible button box.
MRI data acquisition
Imaging data were collected at the Cardiff University Brain Research Imaging Centre (CUBRIC)
using a GE 3-T HDx MRI system with an 8-channel receive-only head coil. Whole-brain high angular
resolution diffusion image data were acquired using a diffusion weighted single-shot spin-echo
echo-planar imaging (EPI) pulse sequence with the following parameters: TE = 87 ms;
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voxel dimensions = 2.4 × 2.4 × 2.4 mm3; field of view = 23 × 23 cm2; 96 × 96 acquisition matrix; 60
contiguous slices acquired along an oblique–axial plane with 2.4-mm thickness (no gap).
Acquisitions were cardiac gated using a peripheral pulse oximeter. Gradients were applied along
30 isotropic directions (Jones et al., 1999) with b = 1200 s/mm2. Three non-diffusion-weighted
images were acquired with b = 0 s/mm2. Functional BOLD data were acquired using an EPI pulse
sequence with the following scan parameters: TR/TE = 3000/35 ms; FOV = 240 mm; 64 × 64 data matrix;
ASSET (acceleration factor); 90˚ flip angle. 42 interleaved slices were collected per volume for whole-
brain coverage. Each slice was 2.8-mm thick with a 1-mm inter-slice gap (3.75 × 3.75 × 2.8-mm voxels).
Slices were acquired with a 30˚ axial-to-coronal tilt relative to the AC-PC line (anterior upwards).
The first four volumes of each run were discarded to allow for signal equilibrium. Two 3D SPGR
images were acquired to improve registration and reduce image distortion as a result of
magnetic field inhomogeneity (TE = 7 ms and 9 ms, TR = 20 ms, FOV = 384 × 192 × 210 mm,
128 × 64 × 70 data matrix, 10˚ flip angle). The SPGR used the same slice orientation as the functional
acquisition. High-resolution anatomical images were acquired using a standard T1-weighted 3D FSPGR
sequence comprising 178 axial slices (TR/TE = 7.8/3.0 s, FOV = 256 × 256 × 176 mm, 256 × 256 × 176
data matrix, 20˚ flip angle, and 1 mm isotropic resolution).
Diffusion MRI pre-processing
ExploreDTI (Leemans and Jones, 2009) was used to correct for subject motion and eddy current
distortions. In order to correct for partial volume artefacts arising from voxel-wise free water
contamination, the two-compartment ‘free water elimination’ procedure was implemented (Pasternak
et al., 2009). Following free water correction, corrected diffusion indices were computed: MD and FA.
The resulting free water-corrected maps were inputs for both the tractography and the TBSS analyses.
Tractography
Deterministic whole-brain WM tractography was performed using ExploreDTI. Tractography was
based on constrained spherical deconvolution (CSD; see Tournier et al., 2004; Jeurissen et al.,
2011), which extracts peaks in the fibre orientation density function (fODF) at each voxel. The
‘diffusion tensor’ model is not sufficient when modelling the distribution of water displacement in
more complex fibre configurations, such as crossing or kissing fibres (e.g., as seen where the anterior
pillars of the fornix meet the anterior commissure). The fODF—which is estimated directly by
CSD—quantifies the proportion of fibres in a voxel pointing in each direction and so information
about more complex fibre configurations can be extracted (Jones, 2008). Each streamline was
reconstructed using an fODF amplitude threshold of 0.1 and a step size of 1 mm and followed the
peak in the fODF that resulted in the smallest step-wise change in orientation. An angle threshold of
30˚ was used and any streamlines exceeding this threshold were terminated.
To generate three-dimensional reconstructions of each tract, ‘way-point’ ROIs were manually
drawn onto whole-brain FA maps in the diffusion space of individual subjects (Metzler-Baddeley
et al., 2011). In accordance with Boolean logic, these way-point ROIs can specify that: (a) tracts
passing through multiple ROIs are retained for analysis (i.e., ‘AND’ ROIs) and (b) tracts passing
through certain ROIs are omitted from analysis (i.e., ‘NOT’ ROIs). Depending on the specific tract, or
the anatomical plausibility of initial reconstructions, such ROIs can be combined; for example, a tract
may pass through ROI-1 ‘AND’ ROI-2 but ‘NOT’ ROI-3 (Figure 6). The ROI approaches described
below will adopt this Boolean terminology when describing the ROIs that were drawn for each tract.
Following the reconstruction of each pathway in each subject, mean MD and FA were calculated by
averaging the individual values at each 1-mm step along the tracts, and in the case of the ILF, across
hemispheres. The placement of ROIs for each tract is depicted in Figure 6.
Fornix ROIs
A multiple ROI approach was used to reconstruct the fornix (Metzler-Baddeley et al., 2011). The
approach involved placing a seed point ROI on the coronal plane where the anterior pillars enter the
main body of the fornix. A single AND ROI is then positioned on the axial plane, encompassing both
crus fornici at the lower part of the splenium of the corpus callosum. Three NOT ROIs are then placed:
(1) anterior to the fornix pillars, (2) posterior to the crus fornici, and (3) on the axial plane, intersecting
the corpus callosum. Once these ROIs were placed, and the tracts reconstructed, anatomically
implausible fibres were removed using additional NOT ROIs.
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ILF ROIs
Fibre-tracking of the ILF was performed using a two-ROI approach in each hemisphere (Wakana
et al., 2007). First, the posterior edge of the cingulum bundle was identified on the sagittal plane.
Reverting to a coronal plane at this position, a SEED ROI was placed that encompassed the whole
hemisphere. To isolate streamlines extending towards anterior temporal cortex, a second ROI was
drawn at the most posterior coronal slice in which the temporal lobe was not connected to the frontal
lobe. Here, an additional AND ROI was drawn around the entire temporal lobe. Like the fornix, any
outlying streamlines were removed using additional NOT ROIs. This approach was carried out in both
hemispheres; microstructural measurements for the left and right ILF (for both MD and FA) were
averaged to provide a bilateral estimate of ILF microstructure.
TBSS
Voxel-wise statistical analysis of the DTI data was carried out using TBSS (for a full description, see
Smith et al., 2006). TBSS permits voxel-wise correlations by non-linearly projecting all subjects’ DTI
Figure 6. Example reconstructions for the fornix and ILF. Tractography ROIs are shown for three participants (SEED
ROI, blue; AND ROI, green; NOT ROI, red).
DOI: 10.7554/eLife.07902.015
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data (MD or FA) onto a mean tract skeleton before applying voxel-wise cross-subject statistics.
To investigate the relationship between microstructure (MD, FA) and performance on the behavioural
tasks, we implemented a GLM with two explanatory variables: proportion correct for (1) scene oddity
and (2) face oddity. Two main contrasts were carried out to compare our two categories of interest:
Faces > Scenes (F > S), and Scenes > Faces (S > F). To address the possibility of reporting false-
positives, clusters were extracted using Threshold-Free Cluster Enhancement (Smith and Nichols, 2009)
with a FWE-corrected threshold of p = 0.05. All reported co-ordinates are in Montreal Neurological
Institute (MNI) 152 space.
fMRI pre-processing
Functional MRI data were preprocessed using FEAT (FSL, www.fmrib.ox.ac.uk/fsl) and involved:
motion correction (Jenkinson et al., 2002), removal of non-brain tissue using BET (Smith, 2002),
spatial smoothing using a 5 mm full-width at half-maximum (FWHM) Gaussian kernel, mean-based
intensity normalisation, and high-pass temporal filtering (Gaussian-weighted least squares straight line
fitting, with sigma = 50.0 s). Phase information from the two SPGR images was unwrapped using
PRELUDE (Jenkinson, 2003). These phase images were then subtracted and the resulting fieldmap
used to unwarp the EPI data using FUGUE. Time-series statistical analysis was carried out using
FMRIB’s Improved Linear Model (FILM) with local autocorrelation correction (Woolrich et al., 2001).
Registration to high-resolution 3D anatomical T1 scans (per participant) and to a standard MNI 152
template image (for group averaging) was carried out using FLIRT (Jenkinson and Smith, 2001;
Jenkinson et al., 2002). Following pre-processing, analyses were first conducted at the single-subject
level using FILM. The BOLD signal was modelled using a standard model of haemodynamic response
function. Co-ordinates of significant effects are reported in MNI space.
fMRI data analysis
Two explanatory variables comprising correct scene and face oddity trials were used to model the time-
course data. A GLM was implemented to examine the BOLD response associated with three main
contrast groups: (a) each separate stimulus category compared to each other (S > F; F > S), (b) each
stimulus category against rest baseline (S > rest; F > rest), and (c) rest baseline against scenes and faces
(i.e., negative BOLD activation for scenes and faces). The three individual runs for each participant were
combined using a fixed-effects model in FEAT. Group-level ROI analyses were carried out using the
FMRIB Local Analysis of Mixed Effects tool (Beckmann et al., 2003; Woolrich et al., 2004). A bilateral
ROI of the HC was extracted from the Harvard–Oxford subcortical atlas (Jovicich et al., 2009) using FSL
and was defined using a probability threshold of 50%. The PrC was based on a probabilistic mask from
the literature (Devlin and Price, 2007) and likewise defined using a probability threshold of 50%. The
FFA was approximated by intersecting an anatomical mask of the fusiform gyrus (from the
Harvard–Oxford cortical atlas) with a probabilistic map of face activations thresholded at 50% (Atlas
of Social Agent Perception, http://www.andrewengell.com/wp; see Engell and McCarthy, 2013).
Anatomically defined, independent ROIs were also used for the DTI-BOLD analysis of other scene-
selective regions. For the PHG, we used posterior PHG from the Harvard–Oxford Cortical Atlas, defined
using a probability threshold of 50%. For RSC, we extracted Brodmann area 29 dilated by a single voxel
(Bluhm et al., 2009). TOS was taken from the International Consortium for Brain Mapping (ICBM) Sulcal
atlas using a probability threshold of 25% (Mazziotta et al., 1995).
DTI metrics (MD and FA) for the fornix and ILF were demeaned and added as covariates for the
HC and PrC/FFA group-level analyses, respectively. The resulting statistical maps were thresholded at
p = 0.01 (voxel-wise, uncorrected), where supra-threshold voxels reflect a significant positive
association between BOLD response for a given contrast (see above) and a particular microstructural
measure. To determine negative associations with MD, individuals’ MD value was multiplied by minus
1 to derive inverse values. To control for false positives in each of the ROIs, we used Monte-Carlo
simulation (AFNI’s 3dClustSim, http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html)
to determine cluster significance at our voxel-wise alpha level (p = 0.01, see above); all reported
clusters correspond to cluster-corrected threshold of p < 0.01. To correlate BOLD response and
behaviour, percentage signal change values for the four main contrasts (S > F, F > S, S > rest, F > rest)
were extracted from the ROIs using Featquery in FSL. These percentage signal change values
(extracted from our main probabilistic anatomical ROIs) were also used in the mediation analyses.
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 19 of 25
Research article Neuroscience
Acknowledgements
This work was supported by the Medical Research Council (G1002149), Biotechnology and Biological
Sciences Research Council (BB/I007091/1), and the Waterloo Foundation. Derek K Jones was
supported by a Wellcome Trust New Investigator Award. We would like to thank Carina Hibbs and
Mia Schmidt-Hansen for help with task design, John Aggleton for advice about fornix connectivity,
and Nils Mulhert and Katja Umla-Runge for valuable discussion. We are especially grateful to Ofer
Pasternak and Greg Parker for providing the free water correction pipeline.
Additional information
Funding
Funder Grant reference Author
Medical Research
Council (MRC)
G1002149 Carl J Hodgetts,
Kim S Graham
Biotechnology and Biological
Sciences Research Council
(BBSRC)
BB/I007091/1 Mark Postans,
Kim S Graham
Waterloo Foundation Kim S Graham
Wellcome Trust New Investigator Award Derek K Jones
Cardiff University School of Psychology PhD
Studentship
Jonathan P
Shine
The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.
Author contributions
CJH, Conception and design, Acquisition of data, Analysis and interpretation of data, Drafting or
revising the article; MP, JPS, DKJ, Analysis and interpretation of data, Drafting or revising the article;
ADL, KSG, Conception and design, Analysis and interpretation of data, Drafting or revising the
article
Author ORCIDs
Carl J Hodgetts, http://orcid.org/0000-0002-0339-2447
Andrew D Lawrence, http://orcid.org/0000-0001-6705-2110
Kim S Graham, http://orcid.org/0000-0002-1512-7667
Ethics
Human subjects: The study was approved by the School of Psychology, Cardiff University Ethics
Committee. Written informed consent was obtained from each participant before taking part in the
experiment, including consent to publish results.
Additional files
Supplementary files
·Supplementary file 1. Table of co-ordinates for the whole-brain tract-based spatial statistics (TBSS)
analysis.
DOI: 10.7554/eLife.07902.016
· Supplementary file 2. Results of the mediation analyses across the three ROIs.
DOI: 10.7554/eLife.07902.017
References
Aggleton JP. 2012. Multiple anatomical systems embedded within the primate medial temporal lobe: implications
for hippocampal function. Neuroscience and Biobehavioral Reviews 36:1579–1596. doi: 10.1016/j.neubiorev.
2011.09.005.
Aggleton JP, Brown MW. 1999. Episodic memory, amnesia, and the hippocampal–anterior thalamic axis.
The Behavioral and Brain Sciences 22:425–444.
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 20 of 25
Research article Neuroscience
Aggleton JP, Wright NF, Rosene DL, Saunders RC. 2015. Complementary patterns of direct amygdala and
hippocampal projections to the macaque prefrontal cortex. Cerebral Cortex 1–23. doi: 10.1093/cercor/bhv019.
Angenstein F, Kammerer E, Scheich H. 2009. The BOLD response in the rat hippocampus depends rather on local
processing of signals than on the input or output activity. A combined functional MRI and electrophysiological
study. The Journal of Neuroscience 29:2428–2439. doi: 10.1523/JNEUROSCI.5015-08.2009.
Anzellotti S, Caramazza A. 2015. From parts to identity: invariance and sensitivity of face representations to
different face halves. Cerebral Cortex 1–10. doi: 10.1093/cercor/bhu337.
Anzellotti S, Fairhall SL, Caramazza A. 2014. Decoding representations of face identity that are tolerant torotation.
Cerebral Cortex 24:1988–1995. doi: 10.1093/cercor/bht046.
Avidan G, Tanzer M, Hadj-Bouziane F, Liu N, Ungerleider LG, Behrmann M. 2014. Selective dissociation between
core and extended regions of the face processing network in congenital prosopagnosia. Cerebral Cortex
24:1565–1578. doi: 10.1093/cercor/bht007.
Barense MD, Bussey TJ, Lee ACH, Rogers TT, Davies RR, Saksida LM, Murray EA, Graham KS. 2005. Functional
specialization in the human medial temporal lobe. The Journal of Neuroscience 25:10239–10246. doi: 10.1523/
JNEUROSCI.2704-05.2005.
Barense MD, Gaffan D, Graham KS. 2007. The human medial temporal lobe processes online representations of
complex objects. Neuropsychologia 45:2963–2974. doi: 10.1016/j.neuropsychologia.2007.05.023.
Barense MD, Henson RNA, Lee ACH, Graham KS. 2010. Medial temporal lobe activity during complex discrimination
of faces, objects, and scenes: effects of viewpoint. Hippocampus 20:389–401. doi: 10.1002/hipo.20641.
Bartko SJ, Winters BD, Cowell RA, Saksida LM, Bussey TJ. 2007. Perirhinal cortex resolves feature ambiguity in
configural object recognition and perceptual oddity tasks. Learning & Memory 14:821–832. doi: 10.1101/lm.749207.
Baxter MG. 2012. It’s all coming back to me now: perception and memory in amnesia. Neuron 75:8–10. doi: 10.
1016/j.neuron.2012.06.019.
Beaulieu C. 2002. The basis of anisotropic water diffusion in the nervous system—a technical review. NMR in
Biomedicine 15:435–455. doi: 10.1002/nbm.782.
Beckmann CF, Jenkinson M, Smith SM. 2003. General multilevel linear modeling for group analysis in FMRI.
Neuroimage 20:1052–1063. doi: 10.1016/S1053-8119(03)00435-X.
Behrens TEJ, Johansen-Berg H. 2005. Relating connectional architecture to grey matter function using diffusion
imaging. Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences 360:903–911.
doi: 10.1098/rstb.2005.1640.
Behrmann M, Plaut DC. 2013. Distributed circuits, not circumscribed centers, mediate visual recognition. Trends in
Cognitive Sciences 17:210–219. doi: 10.1016/j.tics.2013.03.007.
Bennett IJ, Huffman DJ, Stark CEL. 2014. Limbic tract integrity contributes to pattern separation performance
across the lifespan. Cerebral Cortex 25:2988–2999. doi: 10.1093/cercor/bhu093.
Bird CM, Burgess N. 2008. The hippocampus and memory: insights from spatial processing. Nature Reviews
Neuroscience 9:182–194. doi: 10.1038/nrn2335.
Bluhm RL, Miller J, Lanius RA, Osuch EA, Boksman K, Neufeld RWJ, The´berge J, Schaefer B, Williamson PC. 2009.
Retrosplenial cortex connectivity in schizophrenia. Psychiatry Research 174:17–23. doi: 10.1016/j.pscychresns.
2009.03.010.
Borowsky IW, Collins RC. 1989. Metabolic anatomy of brain: a comparison of regional capillary density, glucose
metabolism, and enzyme activities. The Journal of Comparative Neurology 288:401–413. doi: 10.1002/cne.902880304.
Buckley MJ, Booth MC, Rolls ET, Gaffan D. 2001. Selective perceptual impairments after perirhinal cortex ablation.
The Journal of Neuroscience 21:9824–9836.
Buckley MJ, Charles DP, Browning PGF, Gaffan D. 2004. Learning and retrieval of concurrently presented spatial
discrimination tasks: role of the fornix. Behavioral Neuroscience 118:138–149. doi: 10.1037/0735-7044.118.1.138.
Catani M, Jones DK, Donato R. 2003. Occipito-temporal connections in the human brain. Brain 126:2093–2107.
doi: 10.1093/brain/awg203.
Collins JA, Olson IR. 2014. Beyond the FFA: the role of the ventral anterior temporal lobes in face processing.
Neuropsychologia 61:65–79. doi: 10.1016/j.neuropsychologia.2014.06.005.
Cowell RA, Bussey TJ, Saksida LM. 2010. Components of recognition memory: dissociable cognitive processes or
just differences in representational complexity? Hippocampus 20:1245–1262. doi: 10.1002/hipo.20865.
Devlin JT, Price CJ. 2007. Perirhinal contributions to human visual perception. Current Biology 17:1484–1488.
doi: 10.1016/j.cub.2007.07.066.
Duarte IC, Ferreira C, Marques J, Castelo-Branco M. 2014. Anterior/posterior competitive deactivation/activation
dichotomy in the human hippocampus as revealed by a 3D navigation task. PLOS ONE 9:e86213. doi: 10.1371/
journal.pone.0086213.
Dumont JR, Amin E, Wright NF, Dillingham CM, Aggleton JP. 2015. The impact of fornix lesions in rats on spatial
learning tasks sensitive to anterior thalamic and hippocampal damage. Behavioural Brain Research 278:360–374.
doi: 10.1016/j.bbr.2014.10.016.
Duvernoy HM. 1988. The human hippocampus. J.F. Bergmann-Verlag, Munich.
Ekstrom A. 2010. How and when the fMRI BOLD signal relates to underlying neural activity: the danger in
dissociation. Brain Research Reviews 62:233–244. doi: 10.1016/j.brainresrev.2009.12.004.
Ekstrom A, Suthana N, Millett D, Fried I, Bookheimer S. 2009. Correlation between BOLD fMRI and theta-band
local field potentials in the human hippocampal area. Journal of Neurophysiology 101:2668–2678. doi: 10.1152/
jn.91252.2008.
Elfman KW, Aly M, Yonelinas AP. 2014. Neurocomputational account of memory and perception: thresholded and
graded signals in the hippocampus. Hippocampus 24:1672–1686. doi: 10.1002/hipo.22345.
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 21 of 25
Research article Neuroscience
Engell AD, McCarthy G. 2013. Probabilistic atlases for face and biological motion perception: an analysis of their
reliability and overlap. Neuroimage 74:140–151. doi: 10.1016/j.neuroimage.2013.02.025.
Epstein RA. 2014. Neural systems for visual scene recognition. In: Kveraga K, Bar M, editors. Scene vision: making
sense of what we see. MIT Press, Cambridge, MA. p. 105–134.
Fletcher BR, Calhoun ME, Rapp PR, Shapiro ML. 2006. Fornix lesions decouple the induction of hippocampal arc
transcription from behavior but not plasticity. The Journal of Neuroscience 26:1507–1515. doi: 10.1523/
JNEUROSCI.4441-05.2006.
Fox CJ, Iaria G, Barton JJS. 2008. Disconnection in prosopagnosia and face processing. Cortex 44:996–1009.
doi: 10.1016/j.cortex.2008.04.003.
Fox CJ, Iaria G, Duchaine BC, Barton JJS. 2013. Residual fMRI sensitivity for identity changes in acquired
prosopagnosia. Frontiers in Psychology 4:756. doi: 10.3389/fpsyg.2013.00756.
Fox PT, Raichle ME. 1986. Focal physiological uncoupling of cerebral blood flow and oxidative metabolism during
somatosensory stimulation in human subjects. Proceedings of the National Academy of Sciences of USA
83:1140–1144. doi: 10.1073/pnas.83.4.1140.
Freiwald WA, Tsao DY. 2010. Functional compartmentalization and viewpoint generalization within the macaque
face-processing system. Science 330:845–852. doi: 10.1126/science.1194908.
Gaffan D. 1994. Scene-specific memory for objects: a model of episodic memory impairment in monkeys with
fornix transection. Journal of Cognitive Neuroscience 6:305–320. doi: 10.1162/jocn.1994.6.4.305.
Gaffan D. 2002. Against memory systems. Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences 357:1111–1121. doi: 10.1098/rstb.2002.1110.
Gaffan EA, Bannerman DM, Warburton EC, Aggleton JP. 2001. Rats’ processing of visual scenes: effects of lesions
to fornix, anterior thalamus, mamillary nuclei or the retrohippocampal region. Behavioural Brain Research
121:103–117. doi: 10.1016/S0166-4328(00)00389-2.
Gomez J, Pestilli F, Witthoft N, Golarai G, Liberman A, Poltoratski S, Yoon J, Grill-Spector K. 2015. Functionally
defined white matter reveals segregated pathways in human ventral temporal cortex associated with category-
specific processing. Neuron 85:216–227. doi: 10.1016/j.neuron.2014.12.027.
Graham KS, Barense MD, Lee ACH. 2010. Going beyond LTM in the MTL: a synthesis of neuropsychological and
neuroimaging findings on the role of the medial temporal lobe in memory and perception. Neuropsychologia
48:831–853. doi: 10.1016/j.neuropsychologia.2010.01.001.
Grossi D, Soricelli A, Ponari M. 2014. Structural connectivity in a single case of progressive prosopagnosia: the role
of the right inferior longitudinal fasciculus. Cortex 56:111–120. doi: 10.1016/j.cortex.2012.09.010.
Gschwind M, Pourtois G, Schwartz S, Van De Ville D, Vuilleumier P. 2012. White-matter connectivity between face-
responsive regions in the human brain. Cerebral Cortex 22:1564–1576. doi: 10.1093/cercor/bhr226.
Gusnard DA, Raichle ME. 2001. Searching for a baseline: functional imaging and the resting human brain. Nature
Reviews Neuroscience 2:685–694. doi: 10.1038/35094500.
Hassabis D, Maguire EA. 2007. Deconstructing episodic memory with construction. Trends in Cognitive Sciences
11:299–306. doi: 10.1016/j.tics.2007.05.001.
Hayes A. 2013. Introduction to mediation, moderation, and conditional process analysis: a regression-based
approach. Guilford Press, New York.
Hofstetter S, Tavor I, Tzur Moryosef S, Assaf Y. 2013. Short-term learning induces white matter plasticity in the
fornix. The Journal of Neuroscience 33:12844–12850. doi: 10.1523/JNEUROSCI.4520-12.2013.
Jenkinson M. 2003. Fast, automated, N-dimensional phase-unwrapping algorithm. Magnetic Resonance in
Medicine 49:193–197. doi: 10.1002/mrm.10354.
Jenkinson M, Bannister P, Brady M, Smith S. 2002. Improved optimization for the robust and accurate
linear registration and motion correction of brain images. Neuroimage 17:825–841. doi: 10.1006/nimg.
2002.1132.
Jenkinson M, Smith S. 2001. A global optimisation method for robust affine registration of brain images. Medical
Image Analysis 5:143–156. doi: 10.1016/S1361-8415(01)00036-6.
Jeurissen B, Leemans A, Jones DK, Tournier JD, Sijbers J. 2011. Probabilistic fiber tracking using the
residual bootstrap with constrained spherical deconvolution. Human Brain Mapping 32:461–479. doi: 10.1002/
hbm.21032.
Jones DK. 2008. Studying connections in the living human brain with diffusion MRI. Cortex 44:936–952. doi: 10.
1016/j.cortex.2008.05.002.
Jones DK, Horsfield MA, Simmons A. 1999. Optimal strategies for measuring diffusion in anisotropic systems by
magnetic resonance imaging. Magnetic Resonance in Medicine 42:515–525. doi: 10.1002/(SICI)1522-2594
(199909)42:3<515::AID-MRM14>3.0.CO;2-Q.
Jones DK, Kno¨sche TR, Turner R. 2013. White matter integrity, fiber count, and other fallacies: the do’s and don’ts
of diffusion MRI. Neuroimage 73:239–254. doi: 10.1016/j.neuroimage.2012.06.081.
Jovicich J, Czanner S, Han X, Salat D, van der Kouwe A, Quinn B, Pacheco J, Albert M, Killiany R, Blacker D,
Maguire P, Rosas D, Makris N, Gollub R, Dale A, Dickerson BC, Fischl B. 2009. MRI-derived measurements of
human subcortical, ventricular and intracranial brain volumes: reliability effects of scan sessions, acquisition
sequences, data analyses, scanner upgrade, scanner vendors and field strengths. Neuroimage 46:177–192.
doi: 10.1016/j.neuroimage.2009.02.010.
Kanwisher N, McDermott J, Chun MM. 1997. The fusiform face area: a module in human extrastriate cortex
specialized for face perception. The Journal of Neuroscience 17:4302–4311.
Kosslyn S, Van Kleeck M. 1990. Broken brains and normal minds: why humpty dumpty needs a skeleton. In:
Schwartz EL, editor. Computational neuroscience. MIT Press, Cambridge, MA. p. 390–402.
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 22 of 25
Research article Neuroscience
Latini F. 2015. New insights in the limbic modulation of visual inputs: the role of the inferior longitudinal fasciculus
and the Li-Am bundle. Neurosurgical Review 38:179–189. doi: 10.1007/s10143-014-0583-1.
Lee ACH, Buckley MJ, Gaffan D, Emery T, Hodges JR, Graham KS. 2006. Differentiating the roles of the
hippocampus and perirhinal cortex in processes beyond long-term declarative memory: a double dissociation in
dementia. The Journal of Neuroscience 26:5198–5203. doi: 10.1523/JNEUROSCI.3157-05.2006.
Lee ACH, Buckley MJ, Pegman SJ, Spiers H, Scahill VL, Gaffan D, Bussey TJ, Davies RR, Kapur N, Hodges JR,
Graham KS. 2005a. Specialization in the medial temporal lobe for processing of objects and scenes.
Hippocampus 15:782–797. doi: 10.1002/hipo.20101.
Lee ACH, Bussey TJ, Murray EA, Saksida LM, Epstein RA, Kapur N, Hodges JR, Graham KS. 2005b. Perceptual
deficits in amnesia: challenging the medial temporal lobe “mnemonic” view. Neuropsychologia 43:1–11. doi: 10.
1016/j.neuropsychologia.2004.07.017.
Lee ACH, Scahill VL, Graham KS. 2008. Activating the medial temporal lobe during oddity judgment for faces and
scenes. Cerebral Cortex 18:683–696. doi: 10.1093/cercor/bhm104.
Lee IA, Preacher KJ. 2010. Calculation for the test of the difference between two dependent correlations with one
variable in common [computer software]. Available at: http://quantpsy.org. [WWW Document].
Leemans A, Jones DK. 2009. The B-matrix must be rotated when correcting for subject motion in DTI data.
Magnetic Resonance in Medicine 61:1336–1349. doi: 10.1002/mrm.21890.
Mazziotta J, Toga A, Evans A, Fox P, Lancaster J. 1995. A probabilistic atlas of the human brain: theory and
rationale for its development. Neuroimage 2:89–101. doi: 10.1006/nimg.1995.1012.
McKenzie IA, Ohayon D, Li H, Paes de Faria J, Emery B, Tohyama K, Richardson WD. 2014. Motor skill learning
requires active central myelination. Science 346:318–322. doi: 10.1126/science.1254960.
MesulamM-M. 1990. Large-scale neurocognitive networks and distributed processing for attention, language, and
memory. Annals of Neurology 28:597–613. doi: 10.1002/ana.410280502.
Mesulam M-M. 1994. Distributed locality and large-scale neurocognitive networks. The Behavioral and Brain
Sciences 17:74. doi: 10.1017/S0140525X0003346X.
Metzler-Baddeley C, Jones DK, Belaroussi B, Aggleton JP, O’Sullivan MJ. 2011. Frontotemporal connections in
episodic memory and aging: a diffusion MRI tractography study. The Journal of Neuroscience 31:13236–13245.
doi: 10.1523/JNEUROSCI.2317-11.2011.
Mishkin M, Ungerleider L, Macko K. 1983. Object vision and spatial vision: two cortical pathways. Trends in
Neurosciences 6:414–417. doi: 10.1016/0166-2236(83)90190-X.
Moeller S, Freiwald WA, Tsao DY. 2008. Patches with links: a unified system for processing faces in the macaque
temporal lobe. Science 320:1355–1359. doi: 10.1126/science.1157436.
Mundy ME, Downing PE, Dwyer DM, Honey RC, Graham KS. 2013. A critical role for the hippocampus and
perirhinal cortex in perceptual learning of scenes and faces: complementary findings from amnesia and fMRI.
The Journal of Neuroscience 33:10490–10502. doi: 10.1523/JNEUROSCI.2958-12.2013.
Mundy ME, Downing PE, Graham KS. 2012. Extrastriate cortex and medial temporal lobe regions respond
differentially to visual feature overlap within preferred stimulus category. Neuropsychologia 50:3053–3061.
doi: 10.1016/j.neuropsychologia.2012.07.006.
Murray EA, Bussey TJ, Saksida LM. 2007. Visual perception and memory: a new view of medial temporal lobe
function in primates and rodents. Annual Review of Neuroscience 30:99–122. doi: 10.1146/annurev.neuro.29.
051605.113046.
Murray EA, Wise SP. 2010. What, if anything, can monkeys tell us about human amnesia when they can’t say
anything at all? Neuropsychologia 48:2385–2405. doi: 10.1016/j.neuropsychologia.2010.01.011.
Nadel L, Hoscheidt S, Ryan LR. 2013. Spatial cognition and the hippocampus: the anterior-posterior axis. Journal of
Cognitive Neuroscience 25:22–28. doi: 10.1162/jocn_a_00313.
Nasr S, Echavarria CE, Tootell RBH. 2014. Thinking outside the box: rectilinear shapes selectively activate scene-
selective cortex. The Journal of Neuroscience 34:6721–6735. doi: 10.1523/JNEUROSCI.4802-13.2014.
Nestor A, Plaut DC, Behrmann M. 2011. Unraveling the distributed neural code of facial identity through
spatiotemporal pattern analysis. Proceedings of the National Academy of Sciences of USA 108:9998–10003.
doi: 10.1073/pnas.1102433108.
O’Donnell LJ, Pasternak O. 2015. Does diffusion MRI tell us anything about the white matter? an overview of
methods and pitfalls. Schizophrenia Research 161:133–141. doi: 10.1016/j.schres.2014.09.007.
O’Keefe J, Burgess N, Donnett JG, Jeffery KJ, Maguire EA. 1998. Place cells, navigational accuracy, and the human
hippocampus. Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences
353:1333–1340. doi: 10.1098/rstb.1998.0287.
O’Keefe J, Nadel L, Keightley S, Kill D. 1975. Fornix lesions selectively abolish place learning in the rat.
Experimental Neurology 48:152–166. doi: 10.1016/0014-4886(75)90230-7.
O’Neil EB, Barkley VA, Ko¨hler S. 2013. Representational demands modulate involvement of perirhinal cortex in
face processing. Hippocampus 23:592–605. doi: 10.1002/hipo.22117.
O’Neil EB, Hutchison RM, McLean DA, Ko¨hler S. 2014. Resting-state fMRI reveals functional connectivity between
face-selective perirhinal cortex and the fusiform face area related to face inversion. Neuroimage 92:349–355.
doi: 10.1016/j.neuroimage.2014.02.005.
O’Neil EB, Protzner AB, McCormick C, McLean DA, Poppenk J, Cate AD, Ko¨hler S. 2012. Distinct patterns of
functional and effective connectivity between perirhinal cortex and other cortical regions in recognition memory
and perceptual discrimination. Cerebral Cortex 22:74–85. doi: 10.1093/cercor/bhr075.
Ono T, Nakamura K, Fukuda M, Tamura R. 1991. Place recognition responses of neurons in monkey hippocampus.
Neuroscience Letters 121:194–198. doi: 10.1016/0304-3940(91)90683-K.
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 23 of 25
Research article Neuroscience
Osher DE, Saxe RR, Koldewyn K, Gabrieli JDE, Kanwisher N, Saygin ZM. 2015. Structural connectivity fingerprints
predict cortical selectivity for multiple visual categories across cortex. Cerebral Cortex 1–16.
Parker A, Gaffan D. 1997. The effect of anterior thalamic and cingulate cortex lesions on object-in-place memory in
monkeys. Neuropsychologia 35:1093–1102.
Pasternak O, Sochen N, Gur Y, Intrator N, Assaf Y. 2009. Free water elimination and mapping from diffusion MRI.
Magnetic Resonance in Medicine 62:717–730. doi: 10.1002/mrm.22055.
Poppenk J, Evensmoen HR, Moscovitch M, Nadel L. 2013. Long-axis specialization of the human hippocampus.
Trends in Cognitive Sciences 17:230–240. doi: 10.1016/j.tics.2013.03.005.
Postans M, Hodgetts CJ, Mundy ME, Jones DK, Lawrence AD, Graham KS. 2014. Interindividual variation in fornix
microstructure and macrostructure is related to visual discrimination accuracy for scenes but not faces.
The Journal of Neuroscience 34:12121–12126. doi: 10.1523/JNEUROSCI.0026-14.2014.
Preacher KJ, Hayes AF. 2008. Asymptotic and resampling strategies for assessing and comparing indirect effects
in multiple mediator models. Behavior Research Methods 40:879–891. doi: 10.3758/BRM.40.3.879.
Pyles JA, Verstynen TD, Schneider W, Tarr MJ. 2013. Explicating the face perception network with white matter
connectivity. PLOS ONE 8:e61611. doi: 10.1371/journal.pone.0061611.
Rolls ET. 1999. Spatial view cells and the representation of place in the primate hippocampus. Hippocampus
9:467–480. doi: 10.1002/(SICI)1098-1063(1999)9:4<467::AID-HIPO13>3.0.CO;2-F.
Rudebeck SR, Scholz J, Millington R, Rohenkohl G, Johansen-Berg H, Lee ACH. 2009. Fornix microstructure
correlates with recollection but not familiarity memory. The Journal of Neuroscience 29:14987–14992. doi: 10.
1523/JNEUROSCI.4707-09.2009.
Sagi Y, Tavor I, Hofstetter S, Tzur-Moryosef S, Blumenfeld-Katzir T, Assaf Y. 2012. Learning in the fast lane: new
insights into neuroplasticity. Neuron 73:1195–1203. doi: 10.1016/j.neuron.2012.01.025.
Saksida LM, Bussey TJ. 2010. The representational-hierarchical view of amnesia: translation from animal to human.
Neuropsychologia 48:2370–2384. doi: 10.1016/j.neuropsychologia.2010.02.026.
Saunders RC, Aggleton JP. 2007. Origin and topography of fibers contributing to the fornix in macaque monkeys.
Hippocampus 411:396–411. doi: 10.1002/hipo.20276.
Saygin ZM, Osher DE, Koldewyn K, Reynolds G, Gabrieli JDE, Saxe RR. 2012. Anatomical connectivity patterns
predict face selectivity in the fusiform gyrus. Nature Neuroscience 15:321–327. doi: 10.1038/nn.3001.
Scherf KS, Thomas C, Doyle J, Behrmann M. 2014. Emerging structure-function relations in the developing face
processing system. Cerebral Cortex 24:2946–2980. doi: 10.1093/cercor/bht152.
Schridde U, Khubchandani M, Motelow JE, Sanganahalli BG, Hyder F, Blumenfeld H. 2008. Negative BOLD with
large increases in neuronal activity. Cerebral Cortex 18:1814–1827. doi: 10.1093/cercor/bhm208.
Smith SM. 2002. Fast robust automated brain extraction. Human Brain Mapping 17:143–155. doi: 10.1002/
hbm.10062.
Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, Watkins KE, Ciccarelli O, Cader
MZ, Matthews PM, Behrens TEJ. 2006. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion
data. Neuroimage 31:1487–1505. doi: 10.1016/j.neuroimage.2006.02.024.
Smith SM, Nichols TE. 2009. Threshold-free cluster enhancement: addressing problems of smoothing,
threshold dependence and localisation in cluster inference. Neuroimage 44:83–98. doi: 10.1016/j.
neuroimage.2008.03.061.
Squire LR, Wixted JT, Clark RE. 2007. Recognition memory and the medial temporal lobe: a new perspective.
Nature Reviews Neuroscience 8:872–883. doi: 10.1038/nrn2154.
Stark CE, Squire LR. 2001. When zero is not zero: the problem of ambiguous baseline conditions in fMRI.
Proceedings of the National Academy of Sciences of USA 98:12760–12766. doi: 10.1073/pnas.221462998.
Tavor I, Yablonski M, Mezer A, Rom S, Assaf Y, Yovel G. 2014. Separate parts of occipito-temporal white matter
fibers are associated with recognition of faces and places. Neuroimage 86:123–130. doi: 10.1016/j.neuroimage.
2013.07.085.
Thomas C, Avidan G, Humphreys K, Jung K, Gao F, Behrmann M. 2009. Reduced structural connectivity in ventral
visual cortex in congenital prosopagnosia. Nature Neuroscience 12:29–31. doi: 10.1038/nn.2224.
Tournier JD, Calamante F, Gadian DG, Connelly A. 2004. Direct estimation of the fiber orientation density function
from diffusion-weighted MRI data using spherical deconvolution. Neuroimage 23:1176–1185. doi: 10.1016/j.
neuroimage.2004.07.037.
Tsao DY, Moeller S, Freiwald WA. 2008. Comparing face patch systems in macaques and humans. Proceedings of
the National Academy of Sciences of USA 105:19514–19519. doi: 10.1073/pnas.0809662105.
Tsivilis D, Vann SD, Denby C, Roberts N, Mayes AR, Montaldi D, Aggleton JP. 2008. A disproportionate role for
the fornix and mammillary bodies in recall versus recognition memory. Nature Neuroscience 11:834–842. doi: 10.
1038/nn.2149.
Vann SD, Tsivilis D, Denby CE, Quamme JR, Yonelinas AP, Aggleton JP, Montaldi D, Mayes AR. 2009. Impaired
recollection but spared familiarity in patients with extended hippocampal system damage revealed by 3
convergent methods. Proceedings of the National Academy of Sciences of USA 106:5442–5447. doi: 10.1073/
pnas.0812097106.
Wakana S, Caprihan A, Panzenboeck MM, Fallon JH, Perry M, Gollub RL, Hua K, Zhang J, Jiang H, Dubey P, Blitz A,
van Zijl P, Mori S. 2007. Reproducibility of quantitative tractography methods applied to cerebral white matter.
Neuroimage 36:630–644. doi: 10.1016/j.neuroimage.2007.02.049.
Wendelken C, Lee JK, Pospisil J, Sastre M, Ross JM, Bunge SA, Ghetti S. 2014. White matter tracts connected to
the medial temporal lobe support the development of mnemonic control. Cerebral Cortex 25:2574–2583.
doi: 10.1093/cercor/bhu059.
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 24 of 25
Research article Neuroscience
Whishaw IQ, Jarrard LE. 1995. Similarities vs. differences in place learning and circadian activity in rats after
fimbria-fornix section or ibotenate removal of hippocampal cells. Hippocampus 5:595–604. doi: 10.1002/hipo.
450050610.
Wilson CRE, Baxter MG, Easton A, Gaffan D. 2008. Addition of fornix transection to frontal-temporal
disconnection increases the impairment in object-in-place memory in macaque monkeys. The European Journal
of Neuroscience 27:1814–1822. doi: 10.1111/j.1460-9568.2008.06140.x.
Winston JS, Henson RN, Fine-Goulden MR, Dolan RJ. 2004. fMRI-adaptation reveals dissociable neural
representations of identity and expression in face perception. Journal of Neurophysiology 92:1830–1839. doi: 10.
1152/jn.00155.2004.
Woolrich MW, Behrens TEJ, Beckmann CF, Jenkinson M, Smith SM. 2004. Multilevel linear modelling for FMRI
group analysis using Bayesian inference. Neuroimage 21:1732–1747. doi: 10.1016/j.neuroimage.2003.12.023.
Woolrich MW, Ripley BD, Brady M, Smith SM. 2001. Temporal autocorrelation in univariate linear modeling of
FMRI data. Neuroimage 14:1370–1386. doi: 10.1006/nimg.2001.0931.
Yang H, Susilo T, Duchaine B. 2014. The anterior temporal face area contains invariant representations of
face identity that can persist despite the loss of right FFA and OFA. Cerebral Cortex 1–12. doi: 10.1093/
cercor/bhu289.
Yeterian EH, Pandya DN. 2010. Fiber pathways and cortical connections of preoccipital areas in rhesus monkeys.
The Journal of Comparative Neurology 518:3725–3751. doi: 10.1002/cne.22420.
Zeidman P, Mullally SL, Maguire EA. 2014. Constructing, perceiving, and maintaining scenes: hippocampal activity
and connectivity. Cerebral Cortex 1–20. doi: 10.1093/cercor/bhu266.
Hodgetts et al. eLife 2015;4:e07902. DOI: 10.7554/eLife.07902 25 of 25
Research article Neuroscience
